Abstract: A significant promotion of growth and accumulation of metabolites of freshwater microalga Euglena gracilis was obtained by adding phytic acid to the culture. Phytic acid concentration of 0.05% (v/v) showed a maximum biomass increase of 1.6-fold compared to the control group. Synchronous variation in the content and proportion of photosynthetic pigments was also observed. The total chlorophyll content increased with phytic acid concentration, suggesting the enhanced capacity of absorbing light. Cell length, an important biomarker for E. gracilis, was prolonged to a certain extent under light condition, indicating the state of the cells was more active. Since phytic acid is derived from agro waste of rice bran, it is promising as a low-cost but high-efficient growth promoter of E. gracilis.
Introduction
Euglena gracilis is one of the primary producers in fresh water ecosystems which has both animal and plant features [1] . When there is sufficient sunlight, it can produce many beneficial metabolites with high commercial value by photosynthesis. Nowadays with the deeper understanding of functions of E. gracilis, it has been widely applied in food, cosmetic and biofuel industries [2, 3] . Faced with the increasing market demand from consumers, understanding how to shorten the culture cycle and enhance the productivity of valuable metabolites has become a top priority. Several of the most common methods are to screen for excellent algal strains [4] , edit key genes associated with metabolism [5] , or add growth-promoting additives [6] . Each method has its own merits and drawbacks. Strain screening is usually timeconsuming and low efficiency with a long cycle. Geneediting makes up for these shortcomings but this method is expensive and the process is complex. Application of gene-edited microorganisms for food and supplements is also a controversial issue [7] . Another common method is supplementing with various types of functional additives, such as exogenous nutrients [8] and phytohormone [9] , but they are still costly in application for large-scale culture.
Alternative ideas for supplements with low cost and high efficiency were recently proposed. It was reported that 1 g/L alginate oligosaccharides extracted from macroalgae could increase the production of Arthrospira platensis by 3.68-fold [10] , and 5 g/L steel-making slag (by-product of steel processing) could increase the yield of A. platensis by 12% [11] . Enhancing microalgae yield by un-utilized or waste materials was considered a novel and promising strategy. Phytic acid (inositol hexakisphosphate, IP6), a principle storage form of phosphorus in plants tissues, is widespread in nature especially in legume seed, cereal bran and germ. Phytic acid is also an excellent chelating agent and antioxidant [12] . Thus, phytic acid easily exists in the form of metal-salts and is able to scavenge free radicals, preventing DNA damage and cell aging [13] . The safety of phytic acid has been confirmed in many fields, and its toxicity is even lower than sodium chloride [14] . Moreover, it is also the major source of phosphate loading in aquatic ecosystems [15] . A large number of seeds and grains are used for animal fodder but non-ruminants, like swine, fowl, and horses, cannot fully digest phytic acid due to their lack of sufficient corresponding enzymes, and then undigested phytic acid and derivatives in the manure will be excreted to aquatic ecosystems in different ways [16] . Therefore, intelligent use of phytic acid could contribute to relieving environmental load to aquatic ecosystem.
Phytic acid with the above-mentioned characteristics are considered as potential candidates as a microalgae growth promotor. Nevertheless, there are no reports that phytic acid and its metal-salts have been used to improve the growth and metabolism of microalgae. As a simple, cheap but efficient approach of enhancing the yield of E. gracilis, the effect of phytic acid from rice bran on E. gracilis was investigated. Cell growth, photosynthetic pigment content and morphology of E. gracilis were analyzed since these were assumed to be clear indicators to determine the effect of the phytic acid. This research is initial work that will contribute to sufficiently using the agricultural waste and increasing the yield of E. gracilis on a large scale. 12 , 0.0005; Thiamine HCl, 0.1. Pure phytic acid extracted from rice bran was provided by Tsuno Rice Fine Chemicals Co., Ltd. For cultivation, 10 mL of algal cells during logarithmic growth stage were inoculated into 250 mL Erlenmeyer flasks and stock solution of phytic acid was then added, with each flask finally containing 100 mL medium. The appropriate concentration range of phytic acid was determined according to the pH and the final concentrations were 0.001%, 0.01%, 0.05% and 0.2% (v/v). Euglena gracilis cells were cultured at 25°C and continuously illuminated under the light condition of 5000 lx by cool-white fluorescent lamps (12:12h lightdark cycle). During the culture, flasks were shaken evenly by hand twice a day to avoid cells from adhering to the bottom. In addition, the pH of the medium was measured weekly for four weeks using a pH meter (LAQUA-2103AL, Horiba, Japan).
Materials and Methods

Organism and cultivation conditions
Growth evaluation
Cell growth was primarily assessed by cell density and dry weight. Cells were counted periodically through a hemocytometer chamber (Thoma, Hirschmann, Germany) under the microscope during the growth process. At the end of the cultivation, cells were harvested by filtration and then washed three times to remove the reagents. After microalgal biomass deposited on the filter paper was dried in the oven at 120°C for 2 hours and the dry weight of the biomass was calculated by comparing the weight of the filter paper before and after drying.
Pigment determination
The chlorophyll a, chlorophyll b and carotenoid content was estimated using Lichtenthaler's method [17] . Algal cells in the stationary phase were filtered with glass fiber filters (Advantec Grade-GC50, pore size < 0.45μm) and the fresh algal biomass was crushed with glass sand and extracted using 80% acetone. When the photosynthetic pigments were totally dissolved in acetone, the samples were filtered again to remove glass sand and broken cells. The extract was then transferred into 10 mL volumetric flask. Specific content of chlorophyll a, chlorophyll b and carotenoid was determined using a spectrophotometer (UV-vis 1200, Shimadzu, Japan) with the absorption at 470 nm, 645 nm and 663 nm, respectively. The ratio of chlorophyll a to b was calculated as well.
Cell morphology
Cell morphology was observed and recorded by microscope (Model BA210a, Motic, Japan) and corresponding software (Motic Image Plus 2.2S). The length of more than 200 cells were measured using image-processing software (Image J) at the sixth hour of light and dark cycle respectively as the intensity of photosynthesis was supposed to be high in light condition and low in dark condition.
Phosphate comparison experiment
Comparison of phosphorus source between phytic acid and phytate was also supplemented. Optimal dosage of phytic acid treatment and the same amount of phosphate treatment were compared in this experiment, since the effect of phosphate on E. gracilis has been investigated thoroughly [18] . For phosphate treatment group, potassium dihydrogen phosphate was added to adjust phosphorus content equivalent to the phytic acid treatment group. Concentration of phytic acid and phosphate was 1.085 mM (0.05%; v/v) and 6.51 mM respectively, and the phosphorus content was both 6.51 mM. The pH of phosphate treatment group was adjusted to the same level as phytic acid treatment group by adding dilute hydrochloric acid, with other culture conditions unchanged and only the source of phosphorus different. Finally, the dry weight and total chlorophyll content were determined.
Statistical Analysis
All cultures were performed in triplicate. Data was processed using statistical software SPSS 17.0 and eventually expressed as mean ± standard deviation. The data was tested for normality and homogeneity of variances. Post-hoc analysis of variance (ANOVA) and Dunnett's test were used to test for differences in the growth and metabolism parameters between the target algae cultures treated with different concentrations of phytic acid and the control with a significance level of p = 0.05.
Ethical approval: The conducted research is not related to either human or animal use.
Results
Growth promotion of E. gracilis by phytic acid
Considerable growth promotion of E. gracilis by phytic acid was observed from the beginning of cultivation. Growth curve (A) and dry weight (B) of E. gracilis with various concentrations of phytic acid are shown in Figure  1 . As seen from the growth curve, growth of E. gracilis was significantly promoted by phytic acid and the effect was concentration-dependent. The promotion effect was increased with phytic acid concentration and showed a maximum increase, 1.6-fold, at 0.05% (v/v). When the concentration increased to 0.2% (v/v) the promotion effect slowed but the cell density is still significantly higher than that of the control group (p < 0.05).
The dry weight of biomass (B) was also assessed to confirm the significance and consistency with the growth curve. Dry weight of biomass increased with phytic acid concentration, from 0.34 ± 0.03 g/L of control group to 0.52 ± 0.04 g/L of 0.05% (v/v) group. However similar with the growth curve of cell density, the dry weight also decreased to 0.45 ± 0.04 g/L in 0.2% (v/v) phytic acid treatment group.
Change in initial pH by phytic acid treatment is shown in Table 1 . In the control group, the initial pH was 6.9 which was optimal for cell growth [19] . CM medium contains a large amount of diammonium phosphate and potassium hypophosphite and has a wider buffer range for the pH. Therefore, the change in pH was not significant at lower concentration of phytic acid treatment. When phytic acid concentration was 0.05% (v/v) the pH decreased to 6.3, however, when the concentration was increased to 0.2% (v/v) the pH drastically decreased to 2.3. In addition, during the culture E. gracilis, the pH of the medium decreased slightly as well.
Effect of phytic acid on photosynthetic pigment content of E. gracilis
As shown in Figure 2 , phytic acid affected intracellular pigments (chlorophyll a, chlorophyll b and carotenoid) content, with an increase of chlorophyll a content on the dry basis notably observed, increasing from 2.35 ± 0.41% to 4.16 ± 0.23%, with a maximum at 0.05% (v/v), then decreasing to 3.72 ± 0.38% at 0.2% (v/v) phytic acid treatment. However, the change of chlorophyll b content was not significant (p > 0.05) even though its trend was similar to chlorophyll a. As for carotenoid, its content remained almost the same at lower concentrations of phytic acid, but significantly increased at 0.2% (v/v). In addition, an increase of chlorophyll a over chlorophyll b ratio was observed by phytic acid, especially at concentrations of 0.05 (v/v) and 0.2% (v/v).
Cell length of E. gracilis increased by phytic acid
Euglena gracilis cell shape and median cell length were notably influenced by phytic acid compared to the control group. Cell length distribution at different concentrations of phytic acid treatment are illustrated in Figure 3 .
At the sixth hour of light cycle, 81.82% of the cells in the control group were less than 29 μm in length and the median cell length was 22.11 μm. With the addition of phytic acid, cells longer than 29 μm increased, especially at 0.05% (v/v), its population increased from 18.18% to the highest amount of 41.82%, and median cell length also increased to 28.48 μm correspondingly.
The effect of phytic acid on cell length in the dark cycle was similar but less than that observed during the light cycle. Longer cells also appeared with the addition of phytic acid. In the control group, cell varied in length from 11 to 26 μm, while in phytic acid treatment groups it ranged from 11 to 38 μm. Median cell length was prolonged as well, increasing from 18.17 μm in the control group to 22.74 μm of 0.05% (v/v) for the phytic acid treatment group, while ratio of elongation was less than that of the light cycle. 
Comparison of phytic acid with phosphate
In Figure 4 , the effect of phytic acid and phosphate on the dry weight and total chlorophyll content of E. gracilis was determined as the promotion rate, considering the control group as 100%. A significant promotion effect by phytic acid (1.085 mM) to dry weight and total chlorophyll content of 48.65% and 67.25% respectively was obtained (p 1 & p 2 < 0.05), while there was no significant difference to the control group for the addition of phosphate (6.51 mM) even though the amount of phosphorus added were the same (6.51 mM).
Discussion
Significant growth stimulation of E. gracilis by phytic acid from rice bran was obtained in this research. The various indicators of growth we obtained are within a reasonable range and consistent with previously reported values [20] . The safety of phytic acid has been verified. In the acute toxicity test of mice the median lethal dose (LD50) of phytic acid was found to be up to 4220 mg/kg [14] . Hence the method to promote the growth of E. gracilis by simply adding phytic acid is very safe. Phytic acid is a good source of phosphorus as one molecule of phytic acid contains six phosphorus atoms. However, enzymatic hydrolysis is necessary for the use of phosphorus in phytic acid. Similar growth promotion effect of phytic acid were observed for some plant, animal and microorganism which contains enzyme so called phytase.
For instance, after the addition of phytic acid, the yeast yield increased from 45.1% to 71.7% with the assistance of phytase [21] , and erythritol production in yeast was also enhanced greatly [22] . In another experiment, phytate was reported to serve as the sole phosphate source for growth of Tetrahymena, a heterotrophic protist in the marine system, and eventually A170 kDa phytase located in the cell membrane facing the exterior of the cell was proved to involve the absorption and utilization of phytate [23] .
As shown in Figure 4 , the same amount of phosphate was not significant, suggesting that the promotion of phytic acid was not simply attributed to the supply of a phosphorus source. It might also be related to the secondary metabolite of phytic acid. Phytase is a type of phosphatase enzyme that can eventually catalyze the hydrolysis of phytic acid into phosphate and inositol. The former is the main component of cell membranes and nucleic acid which can provide materials for cell division, while the latter has been corroborated as a growthpromotion and bioactive factor. Cho et al. [24] reported that supplementation in a Dunaliella salina culture medium with 0.05% myo-inositol led to approximately 1.4-fold increase in cell density, 1.48-fold increase in biomass yield and 1.34-fold increase in neutral lipids. If the catabolic pathway of phytic acid or related phytase was determined as well with E. gracilis, it could be of help to understand how phytic acid or its secondary metabolites (lower inositol and polyphosphates) stimulated growth of E. gracilis.
As for the increase of total chlorophyll content in phytic acid treatment group, chlorophyll a played a major role. On the basis of insignificant change of chlorophyll b, the content of chlorophyll a increased, which led to the ratio increase between chlorophyll a and chlorophyll b, indicating the capacity of capturing and utilizing the light enhanced. Chlorophyll content usually depends on the nutrient content such like nitrogen, essential metal ions like iron, zinc and magnesium [25] . Here we inferred that the increase of chlorophyll content was mainly due to the increase of intracellular essential metal ions, as phytic acid has strong binding affinity to these divalent metal ions. In the high concentration of phytic acid treatment group, growth and chlorophyll content decreased, but carotenoid content increased. This could be the stress response due to pH decrease. Optimal pH for E. gracilis was reported neutral or weakly acidic [19, 26] , but pH declined to 2.3 at the concentration of 0.2% (v/v) phytic acid as shown in Table 1 . Chlorophyll content usually decreased under severe circumstances, as its structure was unstable, while carotenoid content would increase to cope with stress [27] . Concentration of phytic acid and phosphate was 1.085 mM and 6.51 mM, respectively (phosphorus content was 6.51 mM). Asterisks indicate the significant difference (p < 0.05) between experimental and control groups.
We found that cell length during the light cycle was longer than that obtained during the dark cycle. Euglena gracilis cells could exhibit many shapes with different length in relation to the variation of culture conditions [28] . As reported that E. gracilis cells changed shapes periodically with the light-dark cycle and photosynthesis [29] . In the dark period when the photosynthetic capacity was low, cells were usually in spherical shape; while they stepped into light period, the cell length of the population would increase and reach the maximum at the sixth hour of the light period, which was in agreement with our observation. Cell length elongation was proportional to phytic acid concentration, and it was more obvious during light period than dark period. This may reflect the enhancement of photosynthesis capacity, since chlorophyll content increased as well. On the other hand, a larger population of longer and narrower cells also indicated more vitality of E. gracilis.
Conclusion
In summary, a significant promotion effect on growth of E. gracilis was achieved by simply adding phytic acid. Phytic acid concentration of 0.05% (v/v) showed a maximum biomass increase of 1.6-fold compared to the control group (p < 0.05), which was better than the effect of phosphate which contained equal amount of phosphorus (6.51 mM). In the future, with the large-scale application of phytic acid in the cultivation of E. gracilis, it will contribute to improving the economy of microalgae culture, and full utilization of agro wastes such as rice bran at the same time.
